Hereditary hemochromatosis (HH) is a common autosomal recessive disorder characterized by excess absorption of dietary iron and progressive iron deposition in several tissues, particularly liver. Liver disease resulting from iron toxicity is the major cause of death in HH. Hepatic iron loading in HH is progressive despite downregulation of the classical transferrin receptor (TfR). Recently a human cDNA highly homologous to TfR was identified and reported to encode a protein (TfR2) that binds holotransferrin and mediates uptake of transferrin-bound iron. We independently identified a full-length murine EST encoding the mouse orthologue of the human TfR2. Although homologous to murine TfR in the coding region, the TfR2 transcript does not contain the ironresponsive elements found in the 3 untranslated sequence of TfR mRNA. To determine the potential role for TfR2 in iron uptake by liver,
H
ereditary hemochromatosis (HH) is a common disorder of iron homeostasis in which intestinal absorption of iron is excessive, leading to iron deposition in several tissues (for reviews, see refs. 1 and 2). The liver is particularly susceptible to excessive iron deposition, the clinical consequences of which include fibrosis, cirrhosis, and increased risk for hepatocellular carcinoma (2) . Liver damage is the major cause of mortality in HH.
The majority of hepatic iron uptake under normal conditions is transferrin mediated (3) . However, expression of the classical transferrin receptor (TfR) in hepatocytes (as in other nonreticuloendothelial cell types) has been shown to be downregulated in response to increased intracellular iron (4, 5) . As a consequence, TfR expression in liver is undetectable in HH patients with hepatic iron loading (6) (7) (8) . Nonetheless, hepatic iron loading in HH patients is progressive. Two mechanisms have been proposed to explain the continued hepatic iron uptake in this setting: (i) the receptor-independent uptake of transferrinbound iron and (ii) the uptake of iron as free nontransferrin bound iron (3) . We provide here support for an alternative mechanism that involves the uptake of transferrin-bound iron by a recently discovered second transferrin receptor (TfR2).
While screening TfR clones in the murine EST database, we identified a cDNA encoding a protein homologous to the classical murine TfR. The human orthologue of this cDNA was independently discovered by Kawabata et al. (9) and designated transferrin receptor 2 (TfR2). Expression of human TfR2 was reported to confer binding of holotransferrin and uptake of transferrin-bound iron to a CHO cell line lacking endogenous TfR. In this report, we characterize the murine TfR2 orthologue and compare expression of murine TfR and TfR2 in normal mice, mice with iron deficiency, and mice with iron overload. These data demonstrate that, unlike TfR, the TfR2 transcript is highly expressed in hepatocytes, not regulated by tissue iron status, and not down-regulated in a murine model of HH. From these observations, we propose that TfR2 continues to mediate uptake of Tf-bound iron by the liver after TfR is down-regulated by iron overload, and thus can explain the increased susceptibility of the liver to iron loading in HH.
Methods
Isolation and Characterization of Murine TfR2 cDNA. While screening the murine EST database for TfR sequences, we identified and characterized an EST clone (GenBank accession no. AA511579) that demonstrated partial homology to the classical murine TfR. Searches of GenBank against the nucleotide sequence of this EST identified a homologous region on human chromosome 7 predicted to be exon sequence of an uncharacterized human gene, which was designated ''transferrin receptor 2,'' hereafter referred to as TfR2, based on homology to the TfR gene (10) . Search of the murine EST database against putative exon 1 sequences of the human TfR2 gene identified a potentially full-length clone (AI663104) in a mouse embryo library. The nucleotide sequence of each strand was determined by using an Applied Biosystems Prism 373 automated sequencer (PerkinElmer), and the deduced amino acid sequence (Vector NTI) was compared with that of the classical TfR.
Animal Models. Dietary iron loading. Five C57͞B6 mice at 6 wk of age were placed on a diet supplemented with 2% carbonyl iron (Harlan Breeders, Indianapolis) for 6 wk. Five C57͞B6 littermates were maintained on the same chow without iron supplementation (0.02% iron). At 12 wk of age, the animals were fasted Abbreviations: HH, hereditary hemochromatosis; Tf, transferrin; TfR, transferrin receptor; TfR2, transferrin receptor 2; EST, expressed sequence tag; RT, room temperature.
Data deposition: The sequence reprinted in this paper has been deposited in the GenBank database (accession no. AF222895).
for 14 hr, bled, killed, and liver tissue snap frozen in liquid nitrogen.
Dietary iron deficiency. A murine transgenic model of dietary iron deficiency produced by gastric parietal cell ablation (H ϩ ͞ K ϩ -ATPase ␤ subunit Ϫ1035 to ϩ24 ͞DT-A) (11) was generously provided by Jeffrey I. Gordon, Washington University School of Medicine, St. Louis, MO. Adult iron-deficient mice were killed and liver tissue snap frozen in liquid nitrogen.
Hereditary hemochromatosis. A murine model of HH in which the HFE gene had been disrupted by homologous recombination was utilized (12) . Five HFE Ϫ͞Ϫ mice and five HFE ϩ͞ϩ littermates were analyzed at 10 wk of age. Animals were fasted for 14 hr, bled, killed, and liver tissue and duodenum (the 1.5-cm length of small intestine distal to the pylorus) were dissected and snap frozen in liquid nitrogen.
Northern Blot Analyses. Total cellular RNA was isolated from tissues by using a guanidinium͞phenol solution (RNA-Stat60, Tel-Test, Friendswood, TX). Fifteen micrograms of total cellular RNA from each sample was electrophoresed in 1% agarose͞2.2 M formaldehyde gels. Transcript sizes were estimated by using RNA standards (Promega). The RNA was transferred to Nytran membranes (Schleicher & Schuell) and immobilized by UV crosslinking. Blots were prehybridized for 1 hr, then hybridized with 32 P-labeled cRNA probes for murine TfR or TfR2. The template for the TfR2 probe consisted of an EcoRI to PstI fragment (nucleotides 1 to 276) of EST clone AA511579 subcloned into pGEM4 (Promega). The template for the TfR probe consisted of linearized EST clone AA619986 in pSPORT. After overnight hybridization at 65°C in 50% formamide͞5ϫ standard saline phosphate/EDTA (0.18 M NaCl/10 mM phosphate, pH 7.4 (SSPE)͞1 mM EDTA͞5ϫ Denhardt's͞50 mM sodium phosphate (pH 6.5)͞200 g/ml salmon sperm DNA͞1 mM EDTA͞0.1% SDS, the blots were washed in 2ϫ SSPE at room temperature (RT) for 20 min, 0.2ϫ SSPE at RT for 20 min, twice in 0.2ϫ SSPE͞0.1% SDS at 65°C for 20 min, and subjected to autoradiography and phosphorimagery. Blots were subsequently rehybridized with a 32 P-labeled cRNA probe for the rat ␤-actin transcript, as described (13) . Signal intensities were quantified by using IMAGEQUANT software (Molecular Dynamics), and values for TfR and TfR2 transcripts were normalized to those obtained for ␤-actin.
In Situ Hybridization. Liver tissue was harvested, rinsed in cold PBS, placed in OCT compound, and immediately frozen in 2-methylbutane immersed in liquid nitrogen. Cryostat sections (6 m) were obtained, dried for 2 hr at RT, and delipidated in chloroform for 5 min. Sections were fixed in 4% paraformaldehyde͞PBS for 7 min, rinsed in PBS for 3 min, rinsed twice in 2ϫ SSC for 5 min, and prehybridized at 47°C for 60 min in 4ϫ SSC͞10% dextran sulfate͞1ϫ Denhardt's solution͞2 mM EDTA͞50% deionized formamide͞500 g/ml salmon sperm DNA. Hybridization was for 16 hr in 100 l of prehybridization solution and 200 ng/ml of cRNA. TfR2 probes were prepared by in vitro transcription by using digoxigenin-labeled UTP and linearized template. The antisense probe template is described above. The sense probe template consisted of the same TfR2 sequences in the sense orientation. Both probes were transcribed by using T7 RNA polymerase, subjected to limited alkaline hydrolysis, analyzed on agarose gels, and quantified. After hybridization, sections were rinsed twice in 2ϫ SSC for 5 min at 37°C, 3 times for 5 min each in 60% formamide and 0.2ϫ SSC at 37°C, and twice for 5 min each in 2ϫ SSC at RT. Sections were then rinsed in 100 mM Tris ⅐ HCl, pH 7.5͞150 mM NaCl for 5 min, and treated with the same solution saturated with blocking mix for 30 min, and then reacted with a 1:200 dilution of alkaline phosphatase-conjugated sheep antidigoxigenin Fab fragments (750 units͞ml) in the same solution. They were rinsed twice in 100 mM Tris ⅐ HCl, pH 7.5 and 150 mM NaCl for 5 min each, then in 100 mM Tris ⅐ HCl, pH 9.5͞100 mM NaCl͞50 mM MgCl 2 for 10 min, and then reacted with 0.18 mg/ml 5-bromo-4-chloro-3-indolyl phosphate, 0.34 mg/ml nitroblue tetrazolium, and 240 g/ml levamisole (Sigma) in the same solution for 6 hr in the dark at RT. The reaction was stopped with 10 mM Tris ⅐ HCl (pH 8.0) and 1 mM EDTA. Sections were counterstained in nuclear fast red, mounted with aqueous solution, and analyzed by light microscopy.
Measurement of Hepatic Iron Concentration. Liver tissue was analyzed for nonheme iron by using the bathophenanthroline method as described by Torrance and Bothwell (14) , and the values expressed as micrograms of iron per gram of dry weight.
Measurement of Serum Transferrin Saturation.
Blood was obtained by cardiac puncture. Serum iron and total iron-binding capacity (TIBC) were measured by using the protocol of Fielding (15) . Transferrin saturation was calculated as: (serum iron Ϭ TIBC) ϫ 100%.
Statistical Analysis. Values are expressed as mean Ϯ SEM. Differences between means were determined by using Student's t test, with Welch's correction for unequal variance.
Results
Characterization of Murine TfR2 cDNA. The murine EST AI663104 clone was found to contain a full-length cDNA that encodes a gene product homologous to the TfR. This cDNA sequence (AF222895) contains 81 nucleotides of 5Ј untranslated sequence, 2,394 nucleotides of ORF, and 364 nucleotides of 3Ј untranslated sequence, including a canonical polyadenlyation signal 14 nt upstream of a poly(A) tail. In the coding region, the nucleotide sequence is 50% homologous to the classical murine TfR transcript (16) . However, the TfR2 cDNA has a shorter 3Ј untranslated region and does not contain the iron-responsive elements found in the TfR transcript (Fig. 1) . In fact, analysis of the entire murine TfR2 cDNA revealed no regions of homology to consensus sequences for iron-responsive elements (17) .
The ORF of the murine TfR2 cDNA encodes a 798-aa protein that demonstrates 39% identity (and 53% similarity) to the classical TfR (Fig. 2) . Kawabata et al. (9) independently characterized the human orthologue of murine TfR2 and demonstrated that the expressed protein bound transferrin and mediated cellular iron uptake. The human orthologue is 3 aa longer than the deduced murine TfR2 protein, but the amino acid sequences are otherwise highly conserved (84%). Based on homology comparisons and sequence analysis, the murine TfR2 protein is predicted to include a short intracellular domain (amino acids 1 to 78), followed by a single transmembrane domain (amino acids 79 to 102) and an extensive Tissue Distribution of TfR2 mRNA. The patterns of expression of TfR2 and the classical TfR in mouse tissues were compared by using Northern blot analyses. A single TfR2 transcript of Ϸ2.8 kb (consistent with the size predicted by the cDNA) was abundant only in liver (Fig. 3A, lane 1) . A faint signal was also detected in kidney (lane 4) and (on prolonged exposure) in small intestine and muscle (not shown). No signal was detected in mRNA from mouse placenta (data not shown). By contrast, the mRNA for the classical TfR was found to be widely expressed (Fig. 3B) . Although abundant in heart, kidney, and muscle and easily detected in other tissues, levels were low in liver (lane 1). From these data, it appears that basal expression of TfR2 mRNA exceeds that of TfR mRNA in normal liver. Consistent with a high level of expression of TfR2 in liver, 2% of the clones in a murine liver cDNA library were found to represent TfR2 (http://www.ncbi.nlm.nih.gov͞UniGene͞ lib.cgi?ORGϭMm&LIDϭ195). ESTs representing TfR2 have also been identified in cDNA libraries from muscle and mammary gland. Using in situ hybridization, we found the signal corresponding to TfR2 mRNA to be particularly strong in hepatocytes (Fig. 4) .
Effect of Iron Status on TfR2 mRNA in Liver.
Hepatic expression of the TfR has been reported to be up-regulated in rodent models of dietary iron deficiency and down-regulated by dietary iron loading (20, 21) . To determine whether TfR2 expression is regulated by iron status, we analyzed TfR2 mRNA in control, iron-deficient, and iron-loaded mice. No significant difference in hepatic TfR2 mRNA content was observed between control and iron-deficient mice (Fig. 5A ). In contrast, hepatic expression of the classical TfR mRNA was markedly increased (Ϸ20-fold) by iron deficiency (Fig. 5B) . Furthermore, abundant hepatic expression of TfR2 persisted in the animals after dietary iron loading (Fig. 5A ). The data in Fig. 6 demonstrate that TfR2 mRNA is not down-regulated (Fig. 6C) , even when dietary iron loading has produced complete saturation of serum transferrin (Fig. 6 A) and dramatic liver iron loading (Fig. 6B ).
TfR2 mRNA levels in Murine Model of Hereditary Hemochromatosis.
Hepatic expression of the classical TfR protein (6-8) and mRNA (22) was reported to be down-regulated in patients with HH. We compared hepatic expression of TfR and TfR2 mRNA in livers of control mice and mice with a targeted disruption of the HFE gene (12) . TfR mRNA was quite low in liver from control mice (Fig. 7 , lane 3) and was undetectable in liver from HFE Ϫ͞Ϫ mice (Fig. 7,  lane 4) . By contrast, TfR2 mRNA was abundant in both control and HFE Ϫ͞Ϫ mouse liver (Fig. 7, lanes 1 and 2) . Fig. 8 presents results showing that hepatic iron loading (Fig.  8B) , which has been demonstrated in HFE Ϫ͞Ϫ mice (12, 23, 24), occurred before transferrin was fully saturated (Fig. 8A) . Despite the substantial iron loading in liver, TfR2 mRNA was still highly expressed (Fig. 8C) .
Discussion
The regulation of hepatocellular iron uptake is an important determinant of overall iron homeostasis of the organism. Under normal conditions, the majority of hepatic iron uptake is transferrin mediated and is thought to occur by both receptordependent and receptor-independent mechanisms (25, 26) . The first of these mechanisms, receptor-mediated uptake, has been attributed solely to the activity of the classical TfR. However, data presented here show that under normal conditions, as well as in hepatic iron overload, expression of TfR2 mRNA in liver exceeds that of TfR mRNA. Thus, even under basal conditions, at least a portion of the receptor-mediated uptake of iron by hepatocytes is likely to be mediated by TfR2.
Other proposed mechanisms of transferrin-mediated iron uptake by hepatocytes are receptor independent and involve internalization of holotransferrin bound to low-affinity nonspecific cell surface-binding sites and internalization of holotransferrin in the fluid phase (25) . These nonsaturable forms of uptake would not be confused with TfR2-mediated uptake and are of questionable significance in vivo (27) .
A transferrin-independent mechanism of iron uptake by hepatocytes has been demonstrated in hypotransferrinemia (28) and may become important when transferrin is abundant but highly saturated. As transferrin becomes highly saturated, iron circulates in the plasma unbound to transferrin in low molecular weight complexes (29) . This nontransferrin-bound iron (NTBI) undergoes rapid and efficient first-pass extraction by the liver (30) . Data suggest that NTBI may contribute to hepatic iron loading in HH patients, particularly late in the disease (31, 32) . However, observations of young patients with HH (33, 34) and on HFE knockout mice at 4 wk of age (35) demonstrate that the liver begins to load iron well before plasma transferrin becomes highly saturated. These observations suggest that the uptake of transferrin-bound iron is important in early stages of hepatic iron loading. We suggest Fig. 3 . Northern blot analysis of the tissue-specific expression of TfR2 and TfR. Fifteen micrograms of total cellular RNA from the murine tissues indicated (Top) was electrophoresed in duplicate and blotted. Blots were hybridized with 32 P-labeled probe for mouse TfR2 (A) or mouse TfR (B). The blots were washed under high stringency and exposed to film for 18 hr with an intensifying screen, then rehybridized with a probe for ␤-actin (Bottom). Positions of the 28S and 18S ribosomal RNA bands are indicated (Left).
Fig. 4.
In situ hybridization analysis of TfR2 mRNA expression in liver. Frozen sections of mouse liver were hybridized with sense (S) or antisense (AS) digoxigenin-labeled probes transcribed from the TfR2 cDNA. Signal was detected as alkaline phosphatase activity by using NBT as a substrate and appears as a dark blue product. The sections were counterstained with nuclear fast red and analyzed by light microscopy (ϫ400). that expression of TfR2 can account for this iron loading by mediating uptake of transferrin-bound iron from serum, even in the face of hepatic iron loading that would down-regulate the classical TfR.
The observation that expression of murine TfR2 is not regulated by tissue iron status correlates with the absence of ironresponsive elements (IREs) in the TfR2 cDNA. Comparison of the human TfR2 and TfR genes also demonstrates that none of the IRE elements in the TfR gene is conserved in the TfR2 gene. Thus, it is likely that the human TfR2 transcript is also insensitive to regulation by cellular iron status and that TfR2 contributes to iron loading of liver in human HH.
The existence of two transferrin receptors-one that is regulated by iron and one that is not-raises interesting questions. On the one hand, the high level of TfR2 expression in hepatocytes suggests a particular role for this receptor in liver. Hepatocytes play an important role in the storage of body iron. Possibly TfR2 normally contributes substantially to the liver's ability to capture and store iron. Observing the phenotype of the 4) , and mice maintained on a diet supplemented with 2% carbonyl iron for 6 wk (lanes 5 and 6). Fifteen micrograms of total cellular RNA was electrophoresed in duplicate and blotted. Blots were hybridized with 32 P-labeled probes for mouse TfR2 (A) or mouse TfR (B). Blots were washed under high stringency, exposed to film for 18 hr with an intensifying screen, and rehybridized with a probe for ␤-actin (Bottom). 7 . Northern blot analysis of duodenal and hepatic TfR and TfR2 expression in control and HFE knockout mice. Duodenal and liver RNA was isolated from HFE knockout mice (Ϫ͞Ϫ) and wild-type littermates (ϩ͞ϩ) maintained on a standard diet. Fifteen micrograms of total cellular RNA was electrophoresed in duplicate and blotted. The blot was hybridized with a 32 P-labeled probe for mouse TfR2 and rehybridized without removing the TfR2 signal with a 32 P-labeled probe for TfR. The blot was exposed to film for 18 hr with an intensifying screen. The results after the second hybridization are presented and relative positions of the TfR and TfR2 signals indicated. The blot was subsequently hybridized with a probe for ␤-actin (Bottom).
TfR2 knockout mice may shed light on its role in normal iron homeostasis. On the other hand, the observation that the TfR knockout mutation in the mouse leads to an embryonic lethal phenotype shows that TfR and TfR2 are not redundant (36) . The absence of expression of TfR2 in placenta and other differences in tissue-specific expression ( Fig. 3 A and B) probably explain why the TfR2 cannot compensate for the absence of TfR.
The iron-insensitive hepatic expression of TfR2 may be important to the organism in conditions of iron excess where TfR2-mediated uptake of transferrin-bound iron by hepatocytes may sequester iron and protect parenchymal cells in other organs from iron toxicity. Crossing the TfR2 knockout mutation onto the HFE Ϫ͞Ϫ background would test the hypothesis that TfR2-mediated uptake of iron accounts for iron loading in HH before transferrin is fully saturated and also indicate whether failure of the liver to take up iron by this mechanism would lead to greater sensitivity of parenchymal cells in other organs to iron toxicity. 
